In adults, human mesenchymal stem cells (hMSCs) are found in vivo at low frequency and are defined by their capacity to differentiate into bone, cartilage, and adipose tissue, depending on the stimuli and culture conditions under which they are expanded. Although MSCs were initially hypothesized to be the panacea for regenerating tissues, MSCs appear to be more important in therapeutics to regulate the immune response invoked in settings such as tissue injury, transplantation, and autoimmunity. MSCs have been used therapeutically in clinical trials and subsequently in practice to treat graft-versus-host disease following bone marrow transplantation. Reports of successful immune modulation suggest efficacy in a wide range of autoimmune conditions, such as demyelinating neurological disease (multiple sclerosis), systemic lupus erythematosus, and Crohn's disease, among others. This review provides background information about hMSCs and also describes their putative mechanisms of action in inflammation. We provide a summary of ongoing clinical trials to allow (a) full comprehension of the range of diseases in which hMSC therapy may be beneficial and (b) identification of gaps in our knowledge about the mechanisms of action of therapeutic MSCs in disease.
INTRODUCTION
Adult human mesenchymal stem cells (hMSCs) can be isolated from a variety of tissues, including bone marrow, muscle, fat, and dermis. Depending on the stimulus and the culture conditions employed, these cells can form bone, cartilage, muscle, fat, and other connective tissues (Figure 1) (1-3) . These observations originally suggested that MSCs were responsible for the normal turnover and maintenance of adult mesenchymal tissues, but over the past decade it has become clear that all MSCs are pericytes (1) and that it is their pleiotropic nature that allows them to sense and respond to an event in the local environment, be it injury or inflammation. This is their most important biological property. 
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Figure 1
The mesengenic process. Human mesenchymal stem cells (hMSCs) from bone marrow may develop into bone, muscle, or adipose tissue, depending on the stimuli to which they are exposed in vitro. Shown is a hypothesis of the mesengenic process that hMSCs undergo both in vitro and in vivo. Reproduced from Reference 21 with permission.
The original mesengenic process pathway (Figure 1 ) was hypothesized and fashioned after the hematopoiesis lineage diagrams of the 1980s. We built our original hypotheses about the regenerative potential of MSCs for damaged bone and cartilage based on our knowledge that osteoblasts and chondrocytes are derived in lineage-progression pathways, as shown in studies from our own and other laboratories (4, 5) . This suggestion arises from the facts that all cells have half-lives and that their natural expiration must be matched by their replacement; MSCs are the proposed source of these new replacement cells. This replacement hypothesis mimics the known sequence of events involved in the turnover and maintenance of blood cells that are formed from hematopoietic stem cells (HSCs) (6) .
The replacement and turnover role for MSCs is also supported by our data showing that, if (10-20) × 10 6 cells from the light cell fraction of a bone marrow aspirate were seeded into a 100-mm Petri dish, colonies of fibroblastic cells (CFU-F) would be observed by days 10-12 (7) . A dramatic decrease in MSCs per nucleated marrow cell can be observed when the results are grouped by decade: There is a 10-fold decrease from birth to the teenage years and another 10-fold decrease from the teenage years to old age. In comparison, titers of HSCs in marrow remain constant throughout life at approximately 1 per 10 4 nucleated marrow cells.
MESENCHYMAL STEM CELLS
For the purposes of this review, cells that are isolated from adult bone marrow and are multipotent for skeletal phenotype are referred to as hMSCs because their reparative function appears to extend beyond the integumentary and musculoskeletal system. Unlike HSCs, hMSCs can be culture expanded ex vivo in up to 40 to 50 cell doublings without differentiation (8) . Whether native hMSCs are abnormal is not entirely clear, although at least one study suggests that rheumatoid arthritis (RA) may be associated with premature senescence of hMSCs (9) . RA has been associated with increases in lymphocyte proliferation and accumulation of lymphoid aggregates in synovium, which are sometimes referred to as tertiary lymphoid organs. We and others have demonstrated that hMSCs and their secreted products can inhibit T-lymphocyte activation and proliferation induced by mitogens, recall antigens, and alloantigens in vitro (10) (11) (12) (13) (14) (15) (16) . In vitro hMSCs require activation (as do, presumably, those in vivo) (17) , and activating stimuli appear to include secretion of transforming growth factor β1 (TGF-β1) and interaction with CD14 + monocytes and involve the proinflammatory cytokine interleukin-1β (IL-1β). hMSCs modulate cytokine production by the dendritic and T cell subsets DC1/Th1 and DC2/Th2 (18) , block antigen presenting cell (APC) maturation and activation (19) , and increase the proportion of CD4 + CD25 + regulatory cells in a mixed lymphocyte reaction (20) . Recent data suggest a role for hMSCs in angiogenesis and that hMSCs may sense and respond to their environment (21) . This feature of hMSCs calls into question whether the effects observed on allogeneic mixed lymphocyte reactions in vitro and on graft-versus-host disease (GVHD) in vivo should be categorized as immune suppressive, which would imply a nonspecific downregulation of immune responses or as inducing immune tolerance-an active and specific suppression of aberrant immune responses. Finally, all hMSCs may be pericytes and, thus, would be present in all vascularized tissues. Because vascular density decreases by one or two orders of magnitude with age, the local availability of hMSCs or pericytes likewise decreases substantially with age (22) . The presence of activated hMSCs at sites of inflammation or injury is understood, given that pericytes would be released from their endothelial interactions in such vascularized locations, although the relative number and source of hMSCs that are mobilized from remote sites, versus those that are derived from proximate vascularized sites, are topics of ongoing investigation.
The original observation that hMSCs can reduce T cell proliferation in vitro is mirrored by the in vivo finding that infusions of hMSCs can control GVHD following bone marrow transplantation. However, no correlation between the measured effects of MSCs in vitro and their effect in vivo has been demonstrated, because there is no universally accepted in vitro method for determining the potential in vivo therapeutic capacity of MSCs. The basic mechanisms of MSCs are depicted in Figures 2 and 3. Kynurenine, depletion of tryptophan 
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Figure 2
A summary of the range of soluble and cell-surface proteins that may both mediate the effects of human mesenchymal stem cells (hMSCs) and provide information to hMSCs about the local environment. hMSCs may be able to both sense and respond to their immediate environment, which makes them ideal cells to tune the response to injury and/or inflammation. Abbreviations: CLTA4, cytotoxic T-lymphocyte antigen 4; DC, dendritic cell; IDO, indoleamine-2,3-dioxygenase; IFN, interferon; Ig, immunoglobin; IL, interleukin; NK, natural killer; NO, nitric oxide; PGE2, prostaglandin E2; SDF, stromal cell-derived factor; TGF, transforming growth factor; Th, T helper cell; TLR, Toll-like receptor; Treg, regulatory T cell; VEGF, vascular endothelial growth factor.
TNF-α: tumor necrosis factor α
IFN-γ: interferon-γ
However, in vitro, MSCs must be activated in order for them or for conditioned medium from such cultures to suppress T cell proliferation. MSC effects on T cell proliferation in vitro appear to have both contact-dependent and contact-independent components (10). This conclusion resulted from observations that conditioned medium from MSCs activated either singly or in combination with cytokines [IL-1β, tumor necrosis factor α (TNF-α), interferon-γ (IFN-γ)] or by coculture with allogeneic peripheral-blood mononuclear cells (PBMCs) can reduce T cell proliferation of (a) PBMCs stimulated with mitogens such as phytohemagglutinin, (b) PBMCs stimulated through the T cell receptor (TCR) complex using a combination of antibodies directed against CD3 and CD28, (c) T cell lines created by the stimulation conditions given in items a and b, and (d ) antigen-specific T cell clones (17, 24, 25) . The greatest impediments to interpreting how these data relate to the effectiveness of any single group of culture-expanded MSCs are as follows:
1. There is no established manner in which to correlate MSCs' capacity to reduce T cell proliferation with their potential therapeutic effects (discussed in Reference 1). 
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Figure 3
Paracrine effects of cultured mesenchymal stem cells (MSCs). The secretion of a broad range of bioactive molecules is now believed to be the main mechanism by which MSCs achieve their therapeutic effect. This mechanism can be divided into six main actions: immunomodulation, antiapoptosis, angiogenesis, support of the growth and differentiation of local stem and progenitor cells, antiscarring, and chemoattraction. Although the number of molecules known to mediate the paracrine action of MSCs increases every day, only a few factors that are secreted by cultured MSCs are shown. The immunomodulatory effects of MSCs consist of inhibition of the proliferation of CD8 + and CD4 + T lymphocytes and natural killer (NK) cells, suppression of immunoglobulin production by plasma cells, inhibition of maturation of dendritic cells (DCs), and stimulation of the proliferation of regulatory T cells. The secretion of prostaglandin E2 (PGE2), human leukocyte antigen G5 (HLA-G5), hepatocyte growth factor (HGF), inducible nitric oxide synthase (iNOS), indoleamine-2,3-dioxygenase (IDO), transforming growth factor β (TGF-β), leukemia-inhibitory factor (LIF), and interleukin (IL)-10 contributes to this effect. MSCs also limit apoptosis, and the principal bioactive molecules responsible for this process are HGF, TGF-β, vascular endothelial growth factor (VEGF), insulin-like growth factor 1 (IGF-1), stanniocalcin 1, and granulocyte macrophage colony-stimulating factor (GM-CSF). MSCs stimulate local angiogenesis by secretion of extracellular matrix (ECM) molecules, VEGF, IGF-1, phosphatidylinositol-glycan biosynthesis class F protein (PIGF), monocyte chemoattractant proteinbut whether or not that is predictive of their potency in vivo is largely unknown. 3. The effects of MSCs in vivo appear to be pleiotropic and influenced by their local environment, whereas that dimension of cell-cell interaction is lacking in vitro.
Soon after MSCs were first observed to reduce T cell proliferation in vitro, immuneactivated MSCs or conditioned medium from immune-activated MSCs was found to reduce the frequency of IFN-γ-and IL-2-secreting T cells (10) . These data used enzyme-linked immunosorbent spot assays to assess the frequency of T cell response to both mitogens and TCR ligation in vitro (26) . Complementary data obtained via enzyme-linked immunosorbent spot assays suggest that the absolute amounts of T cell cytokines produced under similar stimulation conditions are also reduced (10) . Some controversy exists regarding whether, under all circumstances, MSC effector function in vitro occurs in tandem (i.e., proliferation and production of IFN-γ by T cells are reduced) (27, 28) . This controversy fuels the debate as to what measurement of MSC potency would best reflect the in vitro potential of any particular expanded population of MSCs. The observation that under some but not all circumstances the amounts of T cell proliferation and cytokine secretion are similar or dissimilar probably depends on the source of MSCs. (hMSCs and mouse MSCs are not equivalent, but hMSCs may be used in, for example, mouse models of autoimmune disease, where they exert immunosuppressive effects or may induce actual immune tolerance.) The absolute amount of cytokine production may not be the most relevant measurement, and ratios of cytokine production (which are not yet fully understood) may be a better barometer for predicting the in vivo function of MSCs.
MESENCHYMAL STEM CELLS AND CYTOKINES
Like IL-1β, IFN-γ appears to be one of the cytokines that can prime MSCs in vitro. However, IL-1β may not require combinations of cytokines and may alone be sufficient to prime hMSCs, whereas the effect of IFN-γ may be amplified in the presence of other proinflammatory cytokines, such as IL-1β and TNF-α. Theoretically, IFN-γ may also interfere with hMSC function. One of the reasons that hMSCs appear to be immune privileged is that constitutively freshly isolated and cultured MSCs lack MHC class II expression. In the presence of IFN-γ, culture may induce MHC class II expression and transform MSCs into cells that can act as APCs rather than as immune-modulating cells (29) .
Memory T cell production of IL-2 and IFN-γ to both specific antigens and lectins is reduced by coculture with MSCs or by medium of MSCs activated in vitro. Boccelli-Tyndall et al. (30) recently demonstrated that, under conditions meant to mimic conditions observed in inflammatory joint disease, exogenous addition of IL-15 and IL-7 may contribute more than IL-2 to proliferation of PBMCs, T cells, and T cell subsets in vitro. Furthermore, when low ratios of either MSCs or articular chondrocytes are added, proliferation of most but not all of these subsets may be augmented in a cytokinedependent fashion. In contrast, at high ratios of MSCs or articular chondrocytes to effector cells, proliferation is suppressed rather than enhanced (30) .
IL-10, an anti-inflammatory cytokine that contributes to the downregulation of T cell proliferation and other effector responses, may be produced by mature dendritic cells that have been cocultured either with hMSCs or with conditioned medium from cytokine/PBMCactivated MSCs (18, 27, 31) . These data suggest that seemingly antigen-independent proliferation may respond to MSC-mediated effects and that choosing the right dose of MSCs in a therapeutic setting may be critical for optimal results.
MESENCHYMAL STEM CELLS AND REGULATORY T CELLS
peripheral tolerance by targeting autoreactive T cells that arise de novo or escape thymic deletion. Tregs consist of several different subsets with overlapping but distinct actions, particularly in human disease. Tregs may be identified by the coexpression of CD4 and CD25 and by the expression of the transcription factor FoxP3, the production of regulatory cytokines IL-10 and TGF-β, and the ability to suppress proliferation of activated CD4 + CD25 − T cells in coculture experiments. Purifying Tregs relies largely on their CD4
+ CD25 + phenotype. Differential expression of CD127 (the α-chain of the IL-7 receptor) enables flow cytometrybased separation of human CD4 + CD25 + Tregs from CD127
+ nonregulatory T cells (32) . TGF-β is another anti-inflammatory cytokine that is implicated in mediating MSC responses and that may have T cell-independent effects. For example, TGF-β produced in experiments using MSCs alters angiogenesis following injury (33, 34) . Tregs secrete TGF-β, and when used in vitro, TGF-β in combination with IL-2 directs the differentiation of T cells into Tregs in which CD4
+ cells (a) express high levels of surface CD25, (b) express the nuclear transcription factor FoxP3, and (c) suppress the proliferation of TCR-dependent proliferation of effector CD25 null or CD25 low T cells in a nonautologous fashion (reviewed in Reference 35) .
A particularly interesting and important observation in the field of arthritis is that TNF-α can downmodulate the function of CD4 + CD25 + Tregs; anti-TNF-α antibodies increase FoxP3 messenger RNA and protein expression (36) . MSCs downregulate TNF-α as one of their mechanisms of action. Thus, it follows that treatment of RA PBMCs with conditioned MSC medium may increase the amount of Tregs and improve their function. By using MSCs derived from human adipose tissue, Gonzalez et al. (37) demonstrated an increase in Treg numbers in adipose-derived hMSCtreated arthritic mice. In vitro, these cells appear to suppress collagen-specific antigen responses of PBMCs from RA patients, which suggests that induction of Tregs could be a goal in the treatment of RA (38) .
THE ROLE OF COSTIMULATORY MOLECULES IN MESENCHYMAL STEM CELL REGULATION OF IMMUNE RESPONSE
hMSCs express few to none of the B7-1/B7-2 (CD80/CD86) costimulatory-type molecules; this appears to contribute, at least in part, to their immune privilege. Mechanisms that lead to immune tolerance rely on interrelated pathways that involve complex cross talk and crossregulation of T cells and APCs by one another. Both soluble mediators and modulation exerted via complex networks of cytokines and costimulatory molecules appear to play a role in MSC regulation of T cells, and these mechanisms appear to invoke both contact-independent and -dependent pathways.
Although many of the studies we discuss herein use MSC-conditioned medium, both contact-independent and -dependent mechanisms are probably invoked in the therapeutic use of MSCs (22, 39) . In addition to cytokines, the network of costimulatory molecules is hypothesized to play a prominent role in modulating tolerance and inflammation. MSCs downregulate the expression of costimulatory molecules (12, 15, (40) (41) (42) (43) (44) . The discovery of new functions for B7 family members, together with the identification of additional B7 and CD28 family members, is revealing new ways in which the B7:CD28 family may regulate T cell activation and tolerance. Not only do CD80/86:CD28 interactions promote initial T cell activation, they also regulate self-tolerance by supporting CD4 + CD25 + Treg homeostasis (40) (41) (42) (43) (44) . Cytotoxic T-lymphocyte antigen 4 (CTLA-4) can exert inhibitory effects in both B7-1/B7-2-dependent and -independent fashions. B7-1 and B7-2 can signal bidirectionally by engaging CD28 and CTLA-4 on T cells and by delivering signals into B7-expressing cells (45) . The five B7 family members-inducible costimulator (ICOS) ligand, PD-L1 (B7-H1), PD-L2 (B7-DC), B7-H3, and B7-H4 (B7x/B7-S1)-are expressed on professional APC cells, and B7-H4 and perhaps B7-H1 are also expressed on hMSCs and on cells within nonlymphoid organs. These observations may provide a new means for regulating T cell activation and tolerance in peripheral tissues (17, 39, 46, 47) . ICOS and PD-1 are inducibly expressed on T cells, and they regulate previously activated T cells (48) . Both the ICOS:ICOSL pathway and the PD-1:PD-L1/PD-L2 pathway play a critical role in regulating T cell activation and tolerance (48) . There is consensus that both CTLA-4 and PD-1 inhibit T cell and B cell activation and may play a crucial role in peripheral tolerance (48, 49) . Both CTLA-4 and PD-1 functions are associated with RA and other autoimmune diseases. PD-1 is overexpressed on CD4 + T cells in the synovial fluid of RA patients (50) . Whether or not these costimulatory molecules are critical mediators of MSC-mediated immune suppression and/or tolerance in vivo is still under investigation.
Effect of Mesenchymal Stem Cells on the T Cell Cycle
Several but not all studies suggest that one mechanism to reduce the proliferation of T cells may occur via effects on the cell cycle, particularly in the G1 phase or the G0/G1 transition, which result in the induction of T cell anergy (51) . In these studies, Glennie et al. (51) showed that cyclin D2 expression is profoundly inhibited, whereas p27 kip1 was upregulated, consistent with the phenomenon termed division arrest anergy, in which T cells remain in the G1/G1 phase and do not recover their proliferative capacity even after contact with MSCs ceases.
Effect of Mesenchymal Stem Cells on B Cells
The initial reports of the effect of MSCs on B cells came from studies in mice; they suggested that MSCs have dampening effects on the proliferation of B cells. However, the events that determine whether MSCs augment or inhibit immunoglobulin production appear to be dependent on the dose of MSCs used and on the activation state of the B cells themselves; some differences between MSC effects on human peripheral B cells versus splenic B cells retrieved postmortem have been observed (52) (53) (54) .
Effects of Mesenchymal Stem Cells on Natural Killer Cells
Studies of the effect of MSCs on natural killer (NK) cells are particularly controversial, given that most data suggest that MSCs do not inhibit the cytotoxicity of NK cells. Furthermore, any attenuation on NK function that might occur when MSC ligands bind to NK-stimulatory receptors occurs at such a low level that the binding of MHC class I molecules to Kir family-inhibitory NK receptors probably tips the balance in favor of tolerance (rather than cytotoxicity) of NK cells toward MSCs (16, 55) .
Mesenchymal Stem Cell Response to Injury
Another characteristic of hMSCs is their ability to quell inflammation resulting from injury, allogeneic solid organ transplants, and autoimmune disease. hMSCs can effectively suppress the normal growth and expansion of stimulated T cells (13). Consistent with in vitro studies, murine allogeneic MSCs are effective cellular therapies in the treatment of murine models of human disease (24, (56) (57) (58) (59) (60) . Several studies have documented the dramatic clinical improvements observed in animal models using systemically introduced hMSCs as a therapy in mouse models of multiple sclerosis (24, (56) (57) (58) (59) (60) , inflammatory bowel disease (61) (62) (63) , infarct, stroke, and other devastating neurologic diseases (64, 65) , as well as diabetes (66) . These findings strongly suggest that xenogeneic hMSCs are not immunologically recognized by various immunocompetent mouse models of disease. hMSCs may be able to home to sites of inflammation, where dampening of inflammation can begin and regeneration of injured IDO: indoleamine-2,3-dioxygenase tissues leading to normal, scarless healing can proceed. However, the precise mechanisms behind these actions have not yet been elucidated.
NO produced by T cells may mediate its effect through phosphorylation of Stat-5 with the effect being lower levels of T cell proliferation. Inhibition of NO synthase or inhibition of prostaglandin synthesis was able to obviate MSC-dependent effects on proliferation. Although indoleamine-2,3-dioxygenase (IDO) has been hypothesized to be important in mediating the effect of NO, neutralizing IDO by using a blocking antibody did not interfere with NO's suppressive effects (67, 69) . In vivo, the current paradigm is that injury, inflammation, and/or foreign cells can lead to T cell activation, and those T cells produce proinflammatory cytokines including, but not limited to, TNF-α, IFN-γ, IL-1α, and IL-1β. Combinations of cytokines may also induce cell production of chemokines, some of which bind to CXCR3R-expressing cells (including T cells) that colocalize with MSCs. MSCs then produce NO, which inhibits Stat-5 phosphorylation, thereby leading to cell-cycle arrest (and thus halting T cell proliferation) (67) . In addition, iNOS appears to be important in mouse MSC in vivo effects: MSCs from mice that lack iNOS (or IFN-γR1) are unable to suppress GVHD (Figure 4) . In contrast to mouse MSCs that use NO in mediating their immune-suppressive effect, hMSCs and MSCs from nonhuman primates appear to mediate their immunesuppressive effects via IDO (68) . There is some controversy about whether the effect of IDO results from local depletion of tryptophan itself, from the accumulation of tryptophan metabolites (which is suggested by data showing that use of a tryptophan antagonist, 1-methyl-Ltryptophan, restored alloreactivity that would otherwise have been suppressed by MSCs), or from some combination thereof ( Figure 5 ) (69) . In addition to affecting the JAK-STAT pathway, NO may also influence mitogenactivated protein kinase and nuclear factor κB, which would cause a reduction in the gene expression of proinflammatory cytokines.
ANIMAL MODELS
Consistent with results from in vitro studies, murine allogeneic MSCs are effective in the treatment of murine models of human disease (58, 60, 70, 71) . Several studies have documented the dramatic clinical improvements observed in animal models by using systemically introduced xenogeneic hMSCs rather than allogeneic MSCs as a therapy in mouse models of multiple sclerosis and amyotrophic lateral sclerosis (65) , inflammatory bowel disease, infarct, stroke, diabetes (66) , and GVHD. A major advantage of demonstrating success using hMSCs in mouse models of human disease is that the possibility of gathering mechanistic data-beyond measuring biomarkers from readily obtainable body fluids or using noninvasive imaging technology-may be realized, perhaps in the course of a clinical trial.
Mesenchymal Stem Cells in Mouse Models of Arthritis
In experiments designed to study the trafficking of hMSCs, we used mice that contain a single copy of a transgene (Tg) with an altered 3 regulatory region that causes chronic TNF-α overexpression, which leads to the development of severe erosive polyarthritis (15-16). The TNF-Tg mice resemble RA patients in terms of their arthritis, and the arthritis phenotype is obviated by blocking with the anti-TNF-α monoclonal antibody infliximab. The primary reason for using these mice is to determine whether exogenous MSCs localize to lymph nodes, joints, and/or lung as is observed in the ovalbumin model of chronic asthma and in models of acute lung injury (72; T. ankle and from 4.0 mm to 3.0 mm in the other. Reduction in swelling was associated with decreased erythema in hind and front paws. Magnetic resonance imaging findings demonstrated reduction in inguinal lymph node size in MSCtreated mice, and bioluminescence showed localization of MSCs to the ankle joints, which were the most clinically affected joints. Our hypothesis that bone marrow MSCs are plastic and act through several different mechanisms to induce tolerance is supported by studies of adipose-derived MSCs. These studies demonstrate the induction of Tregs in cultures of RA PBMCs and in mouse models of arthritis (20, 37) . Differences in the capacity of MSCs to downregulate collagen-induced arthritis, and whether or not Tregs are induced in these studies, depend on whether mouse MSCs or hMSCs are used and whether the cells are primary isolates or MSC lines, whose function may differ from that of primary expanded MSCs (73) . Studies of RA T cells performed using adipose-derived MSCs, which may differ somewhat from bone marrow-derived MSCs, support our hypothesis that MSCs can downregulate effector responses in RA T cells (74) (75) (76) . 
HGF,TGF-β1, IL-10
Increase Decrease
Figure 5
Mesenchymal stem cell (MSC) immunomodulation through prostaglandin E2 (PGE2) and indoleamine-2,3-dioxygenase (IDO) production. Both interferon-γ (IFN-γ)-independent pathways and IFN-γ-dependent pathways appear to be important for immune suppression by MSCs. Mechanisms of MSC-mediated effects that appear to be independent of IFN-γ include COX-1 and COX-2 expression and production of PGE2. PGE2 secretion decreases dramatically when MSCs are treated with indomethacin (a nonsteroidal anti-inflammatory drug that blocks PGE biosynthesis by inhibiting COX). PGE2 effects may be mediated at least in part via soluble factors. Human MSCs cultured in vitro constitutively express messenger RNA for hepatocyte growth factor (HGF), interleukin-10 (IL-10), and transforming growth factor β1 (TGF-β1), all of which can be detected in MSC supernatants. IL-10 and TGF-β1 inhibit proinflammatory cytokine secretion by antigen presenting cells (APCs) and are involved in the induction of regulatory T cells (Tregs). HGF, a cytokine with antiapoptotic and hematopoietic activity, is a potent immunomodulator that plays a role in MSC-mediated effects. IFN-γ secretion leads to increased HGF and TGF-β1 but has little effect on the level of IL-10. MSCs do not constitutively express IDO, although IFN-γ stimulation of MSCs induces IDO expression. IDO appears to suppress T cell activity either through accumulation of tryptophan metabolites or by depletion of tryptophan, or both. Addition of 1-methyl-L-tryptophan, a chemical antagonist of IDO, restores T cell proliferation in vitro, which suggests that the accumulation of tryptophan metabolites such as kynurenine, rather than tryptophan depletion, is more important for MSC-mediated immunosuppressive effects.
Other investigators (22) have reported that in the collagen-induced model of arthritis, mice infused with MSCs have increased numbers of CD4 + CD25 + cells that express FoxP3 and therefore have a Treg phenotype. We are interested in exploring the effect of hMSCs in a model that is thought to be incited not by abnormalities in T cells per se, but rather by the unregulated secretion of TNF-α, as may occur in some RA and inflammatory bowel disease patients. Recent data obtained from the collageninduced arthritis model, in which mouse MSCs did not protect against arthritis in vivo but did reduce T cell proliferative responses in vitro, also suggest that (a) we do not yet have appropriate in vitro measures that reflect the potential therapeutic utility of MSCs in vivo and (b) mouse MSCs do not have the same immunoregulatory capacity as hMSCs (28) . these studies, the investigators used hMSCs to treat ovalbumin-induced, immune-mediated lung injury in immunocompetent mice; the mice were cured with one exogenously infused dose of hMSCs given at 1 × 10 6 per mouse (T. Bonfield & A.I. Caplan, personal communication). Serum assays show reduced IFN-γ levels in bronchoalveolar lavage fluid following hMSC treatment of mice in which ovalbumin was used to induce immune injury in the lungs. Goblet cell hypertrophy and the severity of the disease were significantly reduced following treatment with hMSCs. In addition, these studies documented the lack of a major immune response to hMSCs in the absence of asthmatic lung inflammation. Furthermore, systemic IFN-γ induction in this asthma model was significantly suppressed following treatment with hMSCs, which suggests that systemic immune modulation took place.
Mesenchymal Stem Cells in Mouse Models of Inflammatory Lung Disease
HUMAN STUDIES
The first therapeutic uses of allogeneic MSC transplants were in osteogenesis imperfecta and in breast cancer, in which MSCs were used to increase engraftment following transplantation with autologous peripheralblood progenitor cell grafts (77, 78) . These experiments were followed by studies of patients with inborn errors of metabolism, such as metachromatic leukodystrophy and Hurler syndrome, who received allogeneic MSCs without adverse effects and showed some improvement in nerve-conduction velocity but not in overall clinical status (79, 80) . Studies of human leukocyte antigen-matched siblings undergoing bone marrow transplant demonstrate the potential utility of MSC therapy in GVHD (80) .
Evidence that MSCs may be dysfunctional in disease is controversial. For example, MSCs are not abnormal in children with aplastic anemia, but they may be impaired in patients with idiopathic thrombocytopenia and in systemic lupus erythematosus (81) (82) (83) (84) . At least two reports (82, 83) suggest that abnormal osteogenic potential contributes to osteoporosis and that MSC growth, proliferative response, and osteogenic differentiation may be affected in this disease.
Provided in Table 1 is a summary of clinical trials that are completed, active, or waiting for activation. The trials are primarily interventional, although some aim to discern how to measure any observed effects of MSCs. Occasional trials are primarily observational and are focused on increasing knowledge of the mechanisms utilized by MSCs.
hMSCs are cultured primarily from bone marrow. However, an increasing number of publications suggest that adipose-derived hMSCs may also exert an immunoregulatory function (37, 38, 56, 61, 62, (85) (86) (87) . How these MSCs differ from bone marrow-derived MSCs in terms of their pharmacokinetics, homing, and repair capacity and potency remains largely unexplored (88, 89) . Also, there are a few reports of isolation of gingiva-derived MSCs whose functional effects are similar to or more potent than MSCs from bone marrow (90, 91) . Immune suppression by human umbilical cord MSCs have also been reported in vivo in mouse and rat models of stroke, degenerative neurological disease, and bleomycin-induced lung disease (92) (93) (94) (95) (96) (97) .
CONCLUSIONS
In this review, we highlight known mechanisms that may mediate the effects of MSCs within the immune system. We also attempt to identify gaps in our knowledge as to when cell-cell contact is necessary for hMSC-mediated effects on the immune system, and we highlight potential differences between hMSCs and mouse MSCs, as well as MSCs derived from different tissue sources. The clinical trials utilizing hMSCs (Table 1) , although interventional, may not provide mechanistic information even if desirable effects are observed. Challenges over the coming decade will be to define appropriate disease targets for MSC-based therapy, develop potency assays for MSCs from different sources, elucidate the many actions of MSCs in vivo, and develop in vitro readouts to positively predict the effects of MSCs in vivo. hMSCs will be approved for clinical use long before we have a precise picture of the mechanisms that govern their efficacy.
SUMMARY POINTS
1. hMSCs appear to have potent immune regulatory actions that make them attractive for use in human diseases in which tissue injury and/or inflammation occurs.
2. The precise mechanisms utilized by MSCs probably depend on the environment and the nature of the repair process required.
3. hMSCs alleviate GVHD without any observed adverse effects, making them attractive therapeutic agents in a variety of diseases.
4. The hypothesis that one important mechanism of action of hMSCs is to induce human Tregs appears plausible.
5. IDO metabolites and tryptophan depletion may play a role in hMSC suppression of T cell proliferation, but the precise mechanism(s) of how this process occurs requires further study.
FUTURE ISSUES
1. The range of diseases in which hMSCs could be therapeutic needs to be fully defined.
2. The range of sources from which therapeutic hMSCs can be isolated remains to be fully defined.
3. In vitro correlates that reflect the in vivo effects of hMSCs must be defined in terms of both predicting the effect of hMSCs in vivo and assessing potency between hMSC isolates.
4. The best route and number of hMSC infusions for disease-specific indications remain to be defined.
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